We study the impact of astrophysical processes on the gamma-ray background produced by the annihilation of dark matter particles in cosmological halos, with particular attention to the consequences of the formation of supermassive black holes. In scenarios where these objects form adiabatically from the accretion of matter on small seeds, dark matter is first compressed into very dense "spikes", then its density progressively decreases due to annihilations and scattering off of stellar cusps. With respect to previous analyses, based on non-evolving halos, the predicted annihilation signal is higher and significantly distorted at low energies, reflecting the large contribution to the total flux from unevolved spikes at high redshifts. The peculiar spectral feature arising from the specific redshift distribution of the signal, would discriminate the proposed scenario from more conventional astrophysical explanations. We discuss how this affects the prospects for detection and demonstrate that the gamma-ray background from DM annihilations might be detectable even in absence of a signal from the Galactic center.
I. INTRODUCTION
Indirect dark matter (DM) searches are based on the detection of secondary particles such as gamma-rays, neutrinos and anti-matter, produced by the annihilation of DM particles either directly, or through the fragmentation and/or decay of intermediate particles (for recent reviews see Refs. [1, 2, 3] ).
Among the proposed strategies of indirect detection, searching for a diffuse gamma-ray background produced by the annihilation of DM in all halos at all redshifts appears particularly interesting, because of the useful information that such a signal would provide on the distribution and evolution of dark matter halos [4, 5, 6] . Previous calculations have been performed under the hypothesis that the shape of DM profiles doesn't change with time, a circumstance that led to the conclusion that the prospects of detecting gamma-rays from the Galactic center (GC) are more promising than the gamma-ray background [7] . However, the annihilation signal mainly comes from the innermost regions of the DM halos, i.e. regions where the gravitational potential is dominated by baryons, and where the extrapolation of numerical simulations is most uncertain.
In particular, the strong evidence for supermassive black holes (SMBHs) at the centers of galaxies suggests that the DM profile is inevitably affected by astrophysical processes on scales that cannot be resolved by numerical simulations [8] . The formation of massive black holes (BHs) at the centers of DM halos can significantly modify the DM profile, especially if the process of BH formation happens "adiabatically", i.e. the formation timescale is much longer than the dynamical timescale of DM particles around it [9, 10, 11, 12, 13] . These so-called spikes of DM inevitably interact with stars and other structures in the Universe (e.g. binary black holes), a circumstance that typically leads to a decrease of the DM density, and thus of the annihilation signal [14, 15, 16, 17] .
In order to detect the enhancement of annihilation radiation from these dense structures, one thus has to look either for spikes where astrophysical processes are less effective, that evolve in regions with low baryonic densities, as in the case of intermediate-mass black holes [18] , or for the contribution to the gamma-ray background from spikes at high redshift, when the DM enhancements had not yet been depleted by astrophysical processes.
It is therefore important to re-analyze the prospects for detecting the gamma-ray background produced by cosmological DM annihilations, in a self-consistent scenario that takes into account the time-dependent effect of astrophysical processes on the distribution of DM. Here, we first provide a prescription to assign BH masses and stellar cusps to generic halos of any mass and at any redshift. We then follow the formation of spikes around SMBHs at high redshift, and their subsequent disruption due to the interaction with the stellar cusp and to DM annhilations. Finally, we integrate the annihilation signal over all redshifts and all structures and discuss the prospects for detecting the induced gamma-ray background.
The paper is organized as follows: In Sec. II we specify how to assign spikes to cosmological halos of given mass and a given redshift, and how spikes evolve. In Sec. III we calculate the gamma-ray background produced by DM annihilations in halos of all masses and at all redshifts. Finally in Sec. IV we present our conclusions. We include the description of the halo density profile, its mass distribution, and evolution for the sake of completeness and to allow comparison with existing literature in Sec. A. Throughout this paper, we assume a flat ΛCDM cosmology with Ω m = 0.3, h = 0.65, spectral index n = 1, and σ 8 = 0.9.
II. ASSIGNING SPIKES TO HALOS
To estimate the effect of BHs on the gamma-ray background produced by DM annihilations, we first need to model the formation and evolution of BHs in halos of given mass and at a given redshift, and to follow the formation of DM spikes, and their subsequent destruction due to scattering off stars and to DM annihilations. Strong constraints on the BH population at all redshifts come from the relationships between DM halo properties and BH masses observed in the local universe, and from the quasar luminosity function. In this section we devise a strategy to assign BH masses to host halos at any redshift, and to calculate the DM distribution in the resulting spikes. Further details on the normalization of DM halos, and on the their cosmological evolution, can be found in the Appendix.
A. SMBH formation
In ΛCDM cosmologies, DM halos (∼ 10 8 M ⊙ ) begin to form at large redshifts (z ∼ 20) and subsequently grow through mergers, while stars form from gas that falls into the halo potential wells. At some point, SMBHs form from the stars and gas at the centers of the halos. Exactly how this occurs is not clear. However, the luminosity function of quasars as a function of redshift traces the accretion history of these BHs [19] , suggesting that BHs grew significantly, by accretion, from their initial seeds, with large mass-to-energy conversion efficiency [20, 21, 22] . An estimate of the average growth history of BHs presented in Ref. [22] , suggests that the redshift by which BHs have reached 50% of their current mass, varies with the BH mass, ranging from z > 2, for BHs more massive than 10 10 M ⊙ , to z < 1 for BH masses below 10 6 M ⊙ . We adopt here a simplified approach, where all BHs were already in place at a characteristic redshift of formation z = z BH , and will discuss the dependence of our results on z BH .
In the local universe, tight empirical relations are observed between SMBH mass and the mass of the DM halo [23] and the luminosity [24] and velocity dispersion [25] of the stellar component. Based on these results, we adopted the following prescription for assigning SMBHs to halos:
1. The local correlation between SMBH and halo mass [23] is used to calculate the mass of the SMBH (M SMBH ) lying in a halo of mass M at z = 0.
A SMBH with this mass is placed in the progenitor
of this halo at z = z BH .
3. The halo is evolved from redshift z BH to 0 [26] , while leaving M SMBH fixed.
Based on Ref. [23] , we considered the following relations between M SMBH and M at z = 0:
where M 12,0 ≡ M (z = 0)/10 12 M ⊙ . The differences reflect different assumptions between the virial radius r v and the circular velocity. Figure 1 shows the above three relations between M SMBH and M . The M SMBH obtained at z = 0 is subsequently placed in halos at z = z BH . For a fixed halo mass, SMBH at z = 0 is less massive than SMBH at z = 6. This is because the halos at z = 6 would have evolved to a more massive halo by z = 0, where the M SMBH is determined.
B. Formation and evolution of DM Spikes
The growth of SMBHs inevitably affects the surrounding distribution of DM. In fact, it can be shown that the adiabatic growth of a massive object at the center of a power-law distribution of matter with index γ c , induces a redistribution of matter into a new, steeper, power-law with index γ sp = 2 + 1/(4 − γ c ) [9, 10, 11, 12, 13] . Such a DM enhancement is usually referred to as a "spike". For the widely adopted Navarro, Frenk and White (NFW) profile (see Appendix for further comments and references), γ c = 1, and the spike profile, immediately after its formation (i.e. at t = t f , the time when the spike is formed), can be expressed as
inside a region of size r b,0 ≈ 0.2 r h [27] , where r h is the radius of gravitational influence of the SMBH that is defined as
where G is Newton's constant and σ the one-dimensional velocity dispersion. M SMBH can be related to σ through the empirical relation [25]
. (4) Eq. (4) is known to be valid for SMBHs in the mass range 10 6.5 M ⊙ M SMBH 10 9.5 M ⊙ and may extend to higher and lower masses [25] .
Once the spike is formed, several particle physics and astrophysical effects tend to destroy it (e.g. [14, 15, 16, 17] ). Here we focus on the gravitational interaction between DM and stars near the SMBH, which causes a damping of the spike, and on self-annihilation of DM near the SMBH, which decreases the maximum density of the spike.
The DM and baryons gravitationally interact with each other. Stars in galactic nuclei have much larger kinetic energies than DM particles, and gravitational encounters between the two populations tend to drive them toward mutual equipartition. DM is thus heated up, dampening the spike while maintaing roughly the same shape of the density profile. Based on the results in Refs. [15, 16] , we adopted the following approximate expression for the decay of the spike intensity with time:
where τ is the time since spike formation in units of the heating time T heat [15] 20M ⊙ . ln Λ = ln(0.4N ), with N ≈ 6 × 10 6 the number of stars within r h for our Milky Way Galaxy. Although r h is a function of M SMBH , we approximate ln Λ to be constant as T heat dependence on N is logarithmic.
The size of the spike decreases, with respect to the initial value r b,0 , with time
The spike density profile is thus given as Figure 2 shows the spike evolution under the effect of DM interaction with baryons, assuming z BH = 6 for different halo masses. The spike parameters are shown in units of the halo reference radius r 0 (defined in Sec. A), so that x b ≡ r b /r 0 and x b,0 ≡ r b,0 /r 0 . It can be seen that spikes formed in very massive halos are not affected by heating from the baryons, whereas those in less massive halos quickly dissipate. Hence low mass halos give negligible contribution to the gamma-ray signal.
A robust lower limit on the size of the spike is provided by the last stable orbit (r lso ) of a test particle around the SMBH. However, annihilation itself sets an upper limit on the DM density. The evolution equation of DM particles at radius r and time t iṡ
where the dot denotes a time derivative. Although this expression is correct for circular orbits, a more sophisticated approach would take into account the eccentricities of orbits, and would start from the single-particle distribution function f (E, L) describing the DM particles, where E and L are the energy and angular momentum per unit mass respectively, and compute orbit-averaged annihilation rates. Such a calculation has apparently never been carried out and is beyond the scope of this paper. Under the assumption of circular orbits, one finds that the maximum number density at a given time t can be expressed as
This is usually simplified to obtain a maximum density
The radius where ρ sp reaches this value, denoted as r p , can be calculated by inserting Eq. (8) into the above equation. The maximum allowed density decreases with time due to self-annihilation and a plateau of constant density forms from r p down to r lso . As r min is larger than r lso , except for very massive halos, the fully evolving spike density profile is given as Figure 3 shows the density profile of an evolving spike which has formed at z BH = 6. Note that the evolution of the halo itself has not been taken into account and the halo and SMBH mass are fixed to 10 12 M ⊙ and 10 7 M ⊙ , respectively, at all redshifts in order to show only the changes due to the evolving spike. The halo profile is plotted in dashed line and the spike profiles at various τ s are plotted in solid lines. The DM profile is divided into three regions; a plateau with magnitude ρ pl from r lso to r p , the prominent spike that scales as r ∼ r −γsp from r p to r b , and the prominent halo with r ∼ r −γc from r b to r v . Numerical computations, such as Ref. [16] which has been calculated for our Galaxy, show the same features but with a smoother transition at r b .
It is convenient to express ρ sp,0 in terms of r 0 and ρ 0 , thus of halo mass. Given the halo mass M , one can obtain r v from Eq. (A1) and r 0 from the definition of c of Eq. (A6). It should be noted that r 0 is not a constant but varies with z and M . Similarly, ρ 0 , which is also dependent on z and M , is obtained by solving
The reference spike density ρ sp,0 is normalized by the halo density at r = r b,0 and τ = 0. For a NFW halo this gives where x b,0 ≡ r b,0 /r 0 , thus
The expression of the total density profile depends on the redshift and radius. The total density profile is given as follows:
.
III. GAMMA-RAY BACKGROUND FROM DM ANNIHILATIONS
The contribution of DM annihilations to the gammaray background flux Φ can be expressed as [4] Φ(E) = c 4 π
where c here is the speed of light, H 0 is the present value of the Hubble parameter, E s = E(1 + z) is the energy emitted at the source, and h(z)
To allow an easy comparison with existing literature, we adopt a simple analytic fit to the continuum gamma-ray flux emitted per annihilation coming from hadronization and π 0 decay [4] 
which is valid for E ≤ m χ . The exponential in the integrand takes into account the effect of gamma-ray absorption due to pair production on background photons. Following [4] , we write it as
The dimensionless flux multiplier ζ(z) can be written as the integral over all masses of an auxiliary function g(M, z), weighted by the halo mass function dn/dM , which is typically calculated in the framework of the Press-Schechter or Sheth-Tormen formalisms described in Sec. A 2,
The auxiliary function g(M, z) is simply the flux multiplier relative to a halo of mass M at redshift z,
normalized to the comoving background density squared. V is the halo virial volume, which is a function of redshift, and of the halo mass and concentration (see Eq. (A1)). The integration over DM spikes requires particular care. Since we are assuming that SMBHs do not evolve after their formation redshift z BH , the halo parameters in the ζ(z) calculation have to be evaluated at z BH , while the spike evolves with redshift as discussed above. Furthemore, the M − M SMBH relationship must evidently break down at small masses. Here we have restricted the anlysis to spikes produced by BHs with mass M SMBH ≥ 100 M ⊙ , and have verified that the result is insensitive to this lower mass cutoff. Figure 4 shows the enhancement of the gamma-ray background due to the presence of spikes, compared with the standard calculation (halo only). For the figure, we have focused on the Press-Schechter formalism, but we find similar results for the case of ellipsoidal collapseà la Sheth & Tormen. We given an upper limit of z = 18 to Eq. (17) and assume that spikes form at z BH = 2. DM parameters m χ = 100 GeV, σv = 10 −26 cm 3 s −1 are used in the calculation. All three mass relations between the SMBH and halo of Eq. (1) are shown in the figure, (a) to (c) from bottom to top in solid lines. The diffuse EGRET flux [28] is plotted as a comparison. Enhancement due to the presence of evolving spikes is about order of magnitude. The evolving spike gives the largest enhancement to the overall flux at the lower energy region, while there is little enhancement at high energies close to m χ . This is expected, as the spikes are most prominent just after formation at z BH , and gamma-rays emitted then have been redshifted to lower energies. Except for massive halos, most spikes today have died away and contribute very little to the gamma-ray flux. This also implies that the annihilation signal from the GC is not expected to vary significantly from the case of profiles without spikes.
We also consider a case where gamma-rays are emit- ted from annihilation of neutralinos into two photons. The photon flux is described as a delta function where dN (E)/dE = b γγ δ(E − m χ ), with b γγ = 0.003 [4] . Considering only a delta function as the flux source is helpful to understand the enhancement due to the presence of spikes. The spike is expected to give the largest contribution around z BH , which today will be observed as gamma-rays with energy lower than m χ . Figure 5 shows the flux from annihilation into two photons for halo only and halo and spike contributions, and indeed, the largest enhancement comes at low energies. We have again assumed that halos form at z = 18 and spikes form at z BH = 2 and used the M − M SMBH relation Eq. (1)-(a) . The steep enhancement for the spike's flux at E ≈ 30 GeV is due to our assumption of having a fixed SMBH formation epoch (z BH ) and only using the delta function for the gamma ray flux.
To compare with existing literature, we introduce here a "boost factor" b max defined as in Ref. [7] , i.e.
, where Φ EGRET is the EGRET flux measurement (Ref. [28] for the diffuse background, and Refs. [29, 30] for the GC) relative to the energy bin E i . We show in Fig. 6 (1)-(c), the required boost factor for the gammaray background is smaller than for the GC for most cases. We recall here that the spike contribution scales differently with the particle physics parameters m χ and σv with respect to the halo only case, due to the saturation effects produced by annihilation itself. In order for annihilations to contribute significantly to the observed gamma-ray background, a boost factor of at least 2 orders of magnitude is thus required. This could in principle be achieved by steepening the halo slope in the innermost regions, for e.g. due to adiabatic compression of baryons (see e.g. Ref. [17] and references therein), or to the presence of mini-spikes around intermediate mass black holes [18, 32] . One should however bear in mind that astrophysical sources are expected to provide a significant, possibly dominant, contribution to the background. Furthermore, the estimate of the background measured by EGRET has actually been recently questioned by several authors. We discuss in the next section the uncertainties on the EGRET measurements and on the possible astrophysical intepretation, and in light of these uncertainties, we do not attempt to fit the background with a combination of particle physics and halo models, and limit ourselves to point out the importance of the role played by spikes in the estimates of the DM annihilation contribution to the extra-galactic flux. In Figs. 4-6 we have assumed a common redshift of formation for all SMBHs. We show in Fig. 7 the dependence of the gamma-ray background on the parameter z BH : the left panel shows the evolution of ζ(z) (Eqn. (20) ) for different values of z BH , and the right panel shows the gamma-ray background. Younger spikes give a greater contribution to the gamma-ray background because of a larger ζ(z). The normalization of the annihilation signal has a slight dependence on z BH , where small z BH values give larger contribution to the gamma-ray flux. This is expected as spikes that formed in earlier epochs evolve away with time.
On the other hand, dependence on halo formation redshift is negligible; changing the upper limit on redshift fro Eq. (17) from 18 to 12 brings negligible change for both halo and halo+spike gamma-ray flux. The flux has a small dependence on the maximum halo mass: a 10 13 M ⊙ limit lower the flux by < 20 %. Varying the minimum halo mass brings negligible change.
All calculations so far assumed that spikes never experienced a major merger, which could in principle significantly lower the DM density due to the souring effect of binary BHs [33] . To model the effect of galaxy mergers on the annihilation signal, we used the merger tree model of Ref. [26] (Eq. (A18)), and assume that a galaxy merger occured and its spike destroyed at z m when its halo mass at z BH doubles, i.e., M (z m ) = 2M (z BH ). Figure 8 shows the effect merger has on the gamma-ray signals produced by spikes. The solid lines are the spike+halo contribution without mergers, and the dashed lines are the spike+halo contribution with merger taken into account. The dotted line is the halo contribution only, shown for comparison. Three redshifts are considered, z BH = 2, 4, 6, which gives a z m = 0.88, 2.12, 3.37, respectively. The reason for such small effect of mergers can be seen from the left panel of Fig 7; most of the contribution from the spikes come right after its formation. By the time of the merger, most spikes would be already quite small and not give significant contribution to the gamma-ray background.
IV. DISCUSSION AND CONCLUSIONS
Different strategies have been proposed in the literature to search for DM annihilation radiation. One of the most popular targets of indirect DM searches is the GC. The prospects for detecting gamma-rays from DM annihilations at the GC have been discussed extensively in Refs. [34, 35, 36, 37, 38, 39, 40] for DM cusps in the framework of different DM candidates, and in Refs. [16, 17, 41] for the case of a DM spike at the GC. An updated discussion in light of the recent discovery of a point source coincident with the GC, extending to very high energies can be found in Refs. [42, 43, 44, 45] .
Current data do not allow a convincing interpretation of the gamma-ray emission as due to DM annihilation, while the properties of the gamma-ray emission appear consistent with those expected for an ordinary astrophysical source. However, although the DM intepretation of the gamma-ray source at the GC appears problematic, it can certainly be used in a conservative way to set upper limits on the annihilation signal. Alternatively, one could search for the contribution of DM annihilations to the cosmological gamma-ray background, as discussed in Refs. [4, 5, 6, 7, 46, 47, 48] . The "smoking-gun" in this case may come from the peculiar angular power spectrum predicted for this signal [49] .
The predicted gamma-ray background is usually compared with the extra-galactic emission measured by EGRET [50] .
The most convincing interpretation in terms of conventional astrophysical sources invokes a large contribution from unresolved blazars (e.g. Ref. [51] ), although this conclusion has been challenged by other authors (e.g. Refs. [52, 53] ). An additional contribution may arise from Inverse Compton scattering of electrons accelerated at shocks during structure formation [54, 55, 56] , but this process can hardly account for the bulk of the background [57] . The EGRET extragalactic background should however be treated with caution, since it has been inferred (not measured) by substracting the estimated Galactic foreground from the high latitude EGRET measurements. In a recent reanalysis of the EGRET data, Kehet et al. [58] , noticed that the high latitude profile of the gamma-ray data exhibits strong Galactic features and claimed that it is well fit by a simple Galactic model, obtaining an upper limit on the extra-galactic background 3 times stronger than previously assumed, and evidence for a much lower flux. In light of the large uncertainties associated with the data and with the contribution of conventional astrophysical sources, we conservatively consider the EGRET estimate as an upper limit to the actual gamma-ray background, and do not attempt to fit the data with an ad hoc combination of particle physics and halo properties.
A comparison of the two strategies (GC vs. extragalactic background) has been performed in Ref. [7] , where it was shown that for ordinary cusps, and in particular for an NFW profile, the prospects for detecting gamma-rays from the GC are always more promising than for the gamma-ray background. Here we have shown that the situation changes, if we take into account the formation and evolution of DM spikes, which form due to adiabatic growth of SMBHs at the centers of DM halos. In fact, in this picture a spike inevitably develops also at the center of the Galaxy, but it is rapidly destroyed by the combined effect of DM scattering off stars, and DM annihilations themselves. The enhancement of the annihilation signal is thus negligible [16, 17] .
We have shown here that the opposite is true for the gamma-ray background. In fact, although all spikes are affected by the very same processes, the signal in this case receives contributions also from halos at high red-shift, at a time when astrophysical and particle physics processes did not yet have the time to affect the DM density. As a consequence, the gamma-ray background from DM annihilations receives a substantial boost, so that its detectability is in some scenarios more promising than the case of a gamma-ray source at the GC. An additional reason to consider the gamma-ray background as a valid alternative to GC searches, is that it is sensitive to the average properties of halos, whereas in the GC case one has to deal with a single realization that, as far as we know, may differ significantly from the average, given the significant scatter in the properties of halos observed in numerical simulations, and given the unknown history of the baryons.
Several effects could further boost the annihilation background. One possibility is that DM halos undergo "adiabatic contraction" under the influence of baryons, thus steepening the original DM profile (see e.g. [17] and references therein), a circumstance that would lead to a similar boost of both the background and GC fluxes. Conversely, if mini-spikes of DM around intermediate mass black holes exist [18, 32] , this would have dramatic implications for the predicted annihilation background, while leaving practically unchanged the predictions for the GC [59] . 
